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The Mammalian Passenger Protein TD-60
Is an RCC1 Family Member with an Essential Role
in Prometaphase to Metaphase Progression
the mammalian passenger proteins play parallel roles
in cell cleavage in C. elegans and in D. melanogaster
(for review, see Adams et al., 2001a).
In addition to their roles in cell cleavage, it is increas-
ingly apparent that passenger proteins also play impor-
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Summary
We have previously identified an additional candidate
passenger protein, TD-60, based on its distribution in
Passenger proteins migrate from inner centromeres
mitosis as determined by immunofluorescence analysis
to the spindle midzone during late mitosis, and those
with JH human autoimmune antiserum (Andreassen etdescribed to date are essential both for proper chro-
al., 1991). Like the other passenger proteins, TD-60 ismosome segregation and for completion of cell cleav-
associated with the inner centromere of metaphaseage. We have purified and cloned the human passen-
chromosomes (Martineau-Thuillier et al., 1998). The dis-ger protein TD-60, and we here report that it is a
tribution of TD-60 corresponds precisely with the distri-member of the RCC1 family and that it binds preferen-
bution of INCENP, Aurora B (Martineau-Thuillier et al.,tially the nucleotide-free form of the small G protein
1998), and survivin (Skoufias et al., 2000) through allRac1. Using siRNA, we further demonstrate that the
phases of mitosis.absence of TD-60 substantially suppresses overall
We have now obtained the full-length cDNA sequencespindle assembly, blocks cells in prometaphase, and
of human TD-60. Sequence analysis reveals that TD-60activates the spindle assembly checkpoint. These de-
is a member of the RCC1 family of guanine nucleotidefects suggest TD-60 may have a role in global spindle
exchange factors (GEFs). The original member of theassembly or may be specifically required to integrate
family, RCC1, regulates spindle aster dynamics (Kalabkinetochores into the mitotic spindle. The latter is con-
et al., 2002; Ohba et al., 1999) and is important for thesistent with a TD-60 requirement for recruitment of
reformation of the nuclear envelope during the transitionthe passenger proteins survivin and Aurora B, and
from mitosis to G1 (Hetzer et al., 2000; Zhang and Clarke,suggests that like other passenger proteins, TD-60 is
2000), in addition to a role in controlled nuclear importinvolved in regulation of cell cleavage.
(for review, see Nakielny and Dreyfuss, 1999). Another
RCC1 family member, Nercc1 may play a role in meta-Introduction
phase checkpoint control (Roig et al., 2002). Unlike
RCC1 and Nercc1, which are expressed throughout theThe passenger proteins are important to the control of
cell cycle, TD-60 expression, as recognized by the hu-cell cleavage. They undergo redistribution during mito-
man autoimmune antiserum JH, is specific to late G2sis, first associating with inner centromeres from G2 until
and mitosis, and its localization is confined to the innerthe metaphase to anaphase transition, then migrating to
the equator of the midzone spindle bundle (Earnshaw centromere until it migrates to the spindle midzone in
and Bernat, 1991) where they are critical to the genera- anaphase (Andreassen et al., 1991; Martineau et al.,
tion of cleavage (Martineau et al., 1995). Orthologs of 1995). Our results also indicate that TD-60 binds selec-
tively to the small G protein Rac1 in its nucleotide-free
form, suggesting it might act as a specific GEF for Rac1*Correspondence: margolis@ibs.fr
5 These authors contributed equally to this work. during mitosis.
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Figure 1. Purification of TD-60 from Manca Chromosomes
(A) JH human autoimmune antiserum demonstrates TD-60 specifically localizes to inner centromeres of mitotic Manca cells. JH antigen (green)
is merged with DNA (red) stained with propidium iodide (right); bar  10 m.
(B) Presence of 60 kDa TD-60 antigen and its proteolytic fragments in different stages of purification. The antigen is not detectable by Western
blot in initial chromosome isolates, but is evident in the chromosome preparation supernatant following the step of DNA digestion (digestion
super). The same pattern is recovered in fraction 30 following FPLC S-HyperD column separation of the digestion supernatant.
(C) S-HyperD column profile (OD at 280 nm, red) compared with Western blot assay of the elution position of TD-60.
(D) The concentrated TD-60 peak was run on SDS-PAGE and discrete bands excised for Western blot analysis with JH antiserum. Band 1 is
reactive, while bands 2 and 3 are not. All three bands, digested in-gel by trypsin, gave the same profile when subjected to MALDI analysis.
siRNA suppression shows that TD-60 is absolutely Results
required for progression from prometaphase to meta-
phase. Indeed, its suppression activates the spindle as- Purification of Human TD-60 and Identification
of Its Sequencesembly checkpoint, indefinitely blocking cells in mitosis.
This result contrasts with results in which suppression To purify TD-60, we took advantage of its presence on
inner centromeres of mitotic chromosomes (Figure 1A)of other passenger proteins leads to suppression of the
spindle assembly checkpoint and mitotic exit despite (Martineau-Thuillier et al., 1998), and followed its purifi-
cation with the JH human autoimmune serum. A sus-misalignment of chromosomes at the metaphase plate,
missegregation of chromosomes during anaphase, or pension culture of human Manca cells was blocked in
prometaphase with nocodazole, collected by centrifu-cleavage failure. The effect of TD-60 suppression is
striking with respect to kinetochore function, suggesting gation, and lysed. The lysate supernatant was centri-
fuged in a glycerol gradient from which the chromo-it plays a key role in the integration of the kinetochore
into the mitotic spindle. Additionally, TD-60 suppression some-rich fractions were collected, concentrated by
centrifugation, and subjected to two extraction steps.leads to a general inhibition of spindle assembly, sug-
gesting it may play a global role in mitotic spindle forma- The first step was a detergent extraction. Despite the
release of the majority of chromosomal proteins at thistion and function.
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Figure 2. Comparison of TD-60 Sequence and Structure with RCC1
(A) Schematic representation of TD-60 primary sequence. The RCC1-like repeats are boxed in green. The RCC1-2 motifs are represented as
blue boxes, with the Identity score shown relative to the PROSITE PS00626. The putative NLS is represented in orange.
(B) TD-60 amino acid sequence. Underlined sequences are the peptides identified using MS/MS.
(C) The tertiary structure of the RCC1 repeats of TD-60 using Swissmodel based on the 1A12 PDB coordinates of RCC1. The color coding
corresponds to the structural motifs within each repeat, as detailed in (D). Numbering corresponds to the RCC1 repeat number.
(D) TD-60 repeat alignments. The top sequence is the RCC1-3 consensus (PROSITE PS50012). The scale corresponds to this entry. Red
letters indicate residues matching “functional groups”: DE (acid), HKR (basic), AGILV (aliphatic), NQ (amide), FWY (aromatic), ST (hydroxyl),
CM (sulfur), P (imide). Gray boxes: residues matching “structural groups” DEHKNQR (external), FILMV (internal), ACGPSTWY (random). Italics:
putative loops. Green boxes: GQLG structural motif. Red boxes: external  strands. Blue boxes: residues matching the RCC1-2 motif.
stage, including most of the histones (data not shown), chromosome extraction, no antigen is detectable with
JH antiserum using ECL detection procedures. Only theTD-60 was not released (Figure 1B, initial extract). Fol-
lowing this step, the residual chromosomal material was largest protein is likely to be a translation product. For
further purification of TD-60, the chromosome digestiondigested with nucleases, which released TD-60 to the
supernatant fraction (Figure 1B, digestion super). supernatant was subjected to cation exchange chroma-
tography. Fraction 30 contained the 60 kDa TD-60 anti-The JH antiserum recognizes a characteristic pattern
of several bands in the chromosomal extract containing gen, as well as the characteristic pattern of apparent
degradation products (Figures 1B and 1C). Fraction 30TD-60, with a band of 60 kDa the largest. Bands smaller
than 60 kDa appear to be cleavage products that arise was concentrated and separated by PAGE, where Coo-
massie stain showed three major protein bands aboveduring the purification procedure. Prior to the step of
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Figure 3. The TD-60 JH Antigen and the
RCC1-like Protein Are Identical
(A) Rabbit polyclonal antibody Rb760 and JH
antiserum recognize a similar pattern of pro-
teolytic fragments of TD-60, as well as a pro-
tein of 60 kDa, in the digestion supernatant
obtained from a Manca cell chromosome
preparation. Western blots were probed with
JH antiserum (left) or with either preimmune
(middle) or immune serum Rb760, raised
against peptide sequence from TD-60.
(B) Immunoprecipitation and crossblot analy-
sis shows that JH antiserum recognizes the
60 kDa protein immunoprecipitated by rabbit
polyclonal antibody Rb760. Lanes marked
“Ab” were immunoprecipitations performed
in the absence of the primary antibody.
(C) Antibody raised against TD-60 sequence
(Rb 1) localizes to the spindle midzone in ana-
phase and to midbodies in late telophase (up-
per TD-60 panel) and to centromeres in pro-
metaphase (lower TD-60 panel). Staining with
JH antiserum (green) is shown for comparison
(lower panels). The counterstain for DNA (red)
is propidium iodide. Bar  10 m.
the 49 kDa marker. Of these bands, only the highest, shown above the boxes. The peptide sequence of the full-
band 1, reacted with the JH antiserum (Figure 1D). Fol- length TD-60 is shown in Figure 2B. Underlined se-
lowing in-gel digestion, trypsin fragments of all three quences are the peptides obtained by MS/MS, which are
bands were analyzed by MALDI-TOF mass spectrome- present throughout the primary sequence. In addition,
try. Peptide mass fingerprints were identical for all three there are two RCC1-2 motifs upstream of the major
bands. Therefore, it is clear that all of the copurifying repeats that are not embedded within the usual RCC1
bands of highest mass derive from the same protein, fold motifs. The TD-60 RCC1 domain has 20% identity
although the antiserum recognizes only one band in this and 38% strong similarity with RCC1. Among hypotheti-
gel region. cal TD-60 orthologs (EGO 187927), the Drosophila or-
TD-60 tryptic peptides were further analyzed by tan- tholog (CG9135) shares 61% strong similarity to human
dem mass spectrometry, yielding several amino acid TD-60, and 43% identity.
sequences that were identified by BLAST searches We have modeled the tertiary structure using
against human ESTs. All sequences were present in a Swissmodel (Guex and Peitsch, 1997), based on the
single entry (gi:7959200). We then completed the cDNA 1A12 PDB coordinates of RCC1 (Figure 2C). The num-
sequence by 5RACE. We have deposited the sequence of bering corresponds to the repeats (Figure 2A). Alignment
the full-length TD-60 at EMBL under reference AJ421269. of TD-60 repeats with the consensus PROSITE RCC1-3
sequence (PS50012) shows a good correspondence of
each of the TD-60 repeats with the hinge (green), exter-TD-60 Sequence and Structure
nal (red), and RCC1-2 (blue) regions of the model RCC1Sequence analysis revealed that TD-60 has seven RCC1
repeat (Figure 2D). The colored regions correspondingrepeats, shown as green boxes in the schematic repre-
to the structural motifs of each repeat are shown in thesentation of the primary sequence (Figure 2A). Within
tertiary structure model (Figure 2C).these repeats there is a repeated RCC1-2 motif (PRO-
A BLAST search of the human genome database re-SITE PS00626), shown as blue boxes in Figure 2A. The
identity scores relative to the canonical sequence are vealed a single site on chromosome 1 (map locus 55920,
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Figure 4. Suppression of TD-60 with siRNA Arrests HeLa Cells in Prometaphase
(A) siRNA suppresses the JH antigen in mitotic cells. Cells were transfected with two different siRNA double-stranded probes targeting the
TD-60 sequences shown. Both suppress JH signal in mitotic HeLa cells following accumulation in mitosis with nocodazole for 16 hr. The
counterstain for DNA (red) is propidium iodide. Bar  10 m. Western blots of extracts from cells cotransfected with siRNA1 and HA-TD-60
demonstrate that the siRNA effectively suppresses the translation of the tagged TD-60. Protein phosphatase-1, probed with pan PP-1 antibody,
serves as a loading control.
(B) HeLa were transfected with siRNA1 and harvested 48 hr later. Control nontransfected cells show a normal cell cycle profile (Control NT),
as do sham transfected cells, exposed to Oligofectamine without siRNA (Control T). In contrast, cells transfected with siRNA1 (siRNA1 TD-
60) accumulate with a 4N DNA content.
(C) Cells with suppressed TD-60 signal, as recognized by JH antiserum, enter mitosis during treatment with nocodazole. HeLa were transfected
with siRNA1, then exposed 48 hr later to 0.04 g/ml nocodazole for 16 hr to induce mitotic arrest. Transfected cells enter mitosis by the
criterion of MPM2 staining. Consistently, although JH-negative cells are positive for MPM2, they have reduced MPM2 staining relative to
nontransfected neighbors. Bar  10 m.
(D) HeLa cells were arrested in mitosis with 0.04 g/ml nocodazole and collected by shake off. After replating, cells were released from
nocodazole block and quantitated for mitotic index by the criterion of being MPM2 antigen positive. JH-positive cells exit mitosis (upper bar
graph), while JH-negative cells remain quantitatively in mitosis. Note that more than 20% of JH-positive cells remain mitotic at 3 hr. The
retardation of mitotic exit results from the transfection procedure, even in untransfected cells. Cells were also scored for percentage in
prometaphase by visual analysis of chromosome distribution (lower bar graph). Of the remaining mitotic cells, progressively fewer JH-positive
cells were in prometaphase with time, while JH-negative cells remained quantitatively in prometaphase. A typical field of cells at 2 hr release
(bottom) shows JH-positive cells in later stages of mitosis, while a JH-negative cell remains in prometaphase. JH is green; DNA (propidium
iodide) is red. Bar  10 m.
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chromosome 1p36.13) that yielded multiple BLAST hits
with the TD-60 query sequence, the best alignment
(KIA001470) being 100% identical to the query sequence.
No other genomic sequences had equivalent identity,
although we found a 30 kDa homolog (LOC221341) of
TD-60 on chromosome 6, with 40% identity and 44%
strong similarity to TD-60.
Demonstration that the RCC1 Protein Is TD-60
We have taken two approaches to demonstrate that the
sequence obtained represents the passenger protein
TD-60: analysis of antigenicity of TD-60 with antibodies
raised against the database sequence, and demonstra-
tion that TD-60 signal from the original human autoim-
mune antiserum is suppressed in cells by transfection
with siRNA targeting the database sequence.
We raised rabbit polyclonal antibodies against oligo-
peptides unique to TD-60 and not related to RCC1. In
Western blots of the digestion supernatant from a
Manca chromosome preparation (Figure 1B), one such
antibody, Rb760, recognizes a protein “fingerprint” pat-
tern similar to that recognized by JH human antiserum
(Figure 3A), whereas preimmune serum from the rabbit
shows no specific reaction. Further, immunoprecipita-
tion of the same chromosome fraction with Rb760 and
crossblotting with JH antiserum shows that JH recog-
nizes the 60 kDa protein in the immunoprecipitate (Fig-
ure 3B).
While Rb760 gave no immunofluorescence signal, an-
other polyclonal antibody, Rb1, which recognizes the
same “fingerprint” pattern on Western blots (data not
shown), gave the same pattern of localization to chromo-
somes at prometaphase and to the spindle midzone
during early cleavage as observed with JH antiserum
(Figure 3C), confirming that the protein sequenced is
indeed a passenger protein.
We obtained further confirmation that the cDNA se-
quence codes for TD-60 by transfection of two distinct
siRNA probes directed against two separate sequences
of TD-60. Both probes extinguished JH antigen staining Figure 5. TD-60 Is Required for Kinetochore Integration into the
at the inner centromere region in early mitotic cells. We Mitotic Spindle and Binds Microtubules
show, for each siRNA transfection, two cells in early (A) HeLa were transfected with siRNA1, then stained 48 hr later with
mitosis. In both cases, one cell has no JH staining at JH antiserum and tubulin antibody. Of two randomly cycling mitotic
HeLa cells, the cell without JH signal shows separated centrosomesinner centromeres (Figure 4A). By contrast, in untrans-
in the absence of TD-60, but a robust bipolar spindle is absent. Byfected cell cultures, all cells in early mitosis are positive
comparison, the JH-positive cell has a well-formed bipolar spindle.for JH antigen (data not shown). Thus, transfections
(B) Transfected cells were observed following 16 hr in 0.04 g/mlwith both siRNAs were successful at suppressing the
nocodazole. In the continued presence of 0.04 g/ml nocodazole,
expression of TD-60 cDNA. When cells were cotrans- JH-negative mitotic cells exhibit a lower microtubule assembly state
fected with siRNA1 to TD-60, along with cDNA for HA- and lack satellite asters normally associated with kinetochores at
low nocodazole concentrations (see Andreassen and Margolis,tagged TD-60, Western blots showed no HA-tagged TD-
1994), evident as microtubules in close association with JH signal60 present. By contrast, transfection with HA-tagged
in JH-positive cells. At 1 and 2 hr release, JH-negative cells haveTD-60 cDNA alone yielded a strong HA antibody reactive
poorly developed spindle asters compared to JH-positive cells.signal (Figure 4A). HA-tagged coexpression of TD-60
Bars  10 m.
was used because endogenous TD-60 levels are insuffi- (C) In vitro microtubule binding assay shows that full-length TD-60,
cient for detection on Western blots in whole-cell ex- isolated by extraction from chromosomes (Cell Extract, left), pellets
with microtubules whereas TD-60 fragments of lower mass do not.tracts. In contrast to extinction of TD-60, the siRNA had
In vitro-translated TD-60 similarly associates with microtubules (Inno effect on levels of the control, protein phosphatase-1
vitro Translation, right) as determined by autoradiograph, indicating(PP-1).
the binding is direct.
Suppression of TD-60 Expression Blocks HeLa
Cells in Prometaphase siRNA1, 48% of the HeLa population was in 4N com-
pared with 20% of untransfected and 27% of sham-Suppression of TD-60 expression resulted in a dramatic
phenotype. Forty-eight hours after transfection with transfected (Oligofectamine alone) controls (Figure 4B).
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Given that approximately 50% of HeLa are transfected
by these procedures (data not shown), these results are
compatible with the possibility that loss of TD-60 creates
an effective G2/M arrest.
Cells in which TD-60 was suppressed by siRNA were
arrested in prometaphase. The arrested population con-
tained condensed chromosomes in a prometaphase
array, lamin B stain showed the nuclear envelope had
dispersed (data not shown), and spindle asters had
formed (see Figure 5). In randomly cycling cells at 48 hr
after transfection, apparently mitotic cells that were TD-
60 negative were never seen in a metaphase or ana-
phase configuration. When the population was arrested
in mitosis with nocodazole, the apparently mitotic cells
that were negative for JH antigen were also positive for
MPM-2, a mitosis-specific phosphoantigen (Figure 4C).
Interestingly, the intensity of MPM-2 stain was uniformly
lower in TD-60-suppressed cells than in adjacent cells
expressing TD-60.
We then assayed for the capacity of TD-60-sup-
pressed cells to recover from nocodazole arrest, com-
pared to normal controls. Cells were arrested in nocoda-
zole for 16 hr, the mitotic subpopulation was purified
by shake-off, and cells were then released from the
nocodazole block. Mitotic exit was determined by loss
of MPM-2 stain (Figure 4D) and by restoration of nuclei
with lamin B-labeled borders (data not shown), with
equivalent results. Within 3 hr of release, the majority
of cells containing TD-60 had exited mitosis, while those
that did not contain TD-60 remained quantitatively in
mitosis. Further, the TD-60-negative cells remained
quantitatively in prometaphase as scored by the ab-
sence of metaphase chromosome alignment or of ana-
phase figures. By contrast, those TD-60-expressing
cells that were still in mitosis at 2 hr following release
were in prometaphase, metaphase, and anaphase, and
hence showed less than 50% remaining in prometa-
phase (Figure 4D). A typical field of cells (Figure 4D,
bottom) shows two JH-positive cells in metaphase and
telophase, and a JH-negative cell in prometaphase, at
2 hr of release from nocodazole block. We conclude that
TD-60 is required for progression from prometaphase to
metaphase.
TD-60 Is Important for Spindle Association
with Kinetochores
Figure 6. Effect of Loss of TD-60 on Mad2 and Passenger ProteinHeLa cells in which TD-60 is suppressed contained re-
Recruitment to Kinetochoresduced and aberrant spindles compared to control cells
(A) The absence of JH recruits Mad2 to kinetochores. JH-negativein mitosis. Typically, mitotic cells that were TD-60 nega-
cells released from 16 hr arrest with 0.04 g/ml nocodazole fortive contained well-separated spindle poles, but the
either 0.5 or 1 hr are strongly Mad2 positive while JH-positive cellsspindles were not organized compared to controls con-
are largely Mad2 negative. There is no change in Mad2 staining at
taining TD-60. Two mitotic cells in a randomly cycling kinetochores with time. The bar-graph quantitates mitotic JH-positive
population are shown, one positive for TD-60 and at (left) or JH-negative (right) cells in a HeLa population transfected with
metaphase, the other negative for TD-60 and containing siRNA1 that are Mad2 positive or negative at kinetochores after 1
hr release from nocodazole arrest. Only 5% of JH-positive cells area disorganized spindle (Figure 5A). We then enriched
positive for Mad2 on kinetochores, while more than 80% of JH-the transfected population for mitotic cells by release
negative cells are Mad2 positive. For this analysis, a GFP-Mad2from nocodazole arrest. TD-60-suppressed cells accu-
expressing HeLa cell line was used.mulated in mitosis in the presence of nocodazole. Fol-
(B) Absence of TD-60 prevents survivin and Aurora B recruitment
lowing 1 or 2 hr release from nocodazole, mitotic cells to kinetochores. HeLa cells were arrested in mitosis with 0.04 g/
lacking JH antigen contained smaller asters than con- ml nocodazole for 16 hr, then stained with JH antiserum and with
trols (Figure 5B). When HeLa were arrested in mitosis survivin antibody, or with AIM-1 antibody to Aurora B. The two
panels show clusters of prometaphase cells. JH-negative cells uni-with 0.04 g/ml nocodazole, JH antigen-positive cells
formly have no survivin or Aurora B localized to inner centromeres.contained multiple asters, and some focused on kineto-
Bars  10 m.chores (Figure 5B), as we have previously reported (An-
dreassen and Margolis, 1994). In contrast, asters were
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of physiological importance. Direct binding of TD-60 to
microtubules was confirmed by assay of microtubule
association following in vitro translation of TD-60 (Fig-
ure 5C).
Mad2 is a spindle assembly checkpoint protein that
is recruited to kinetochores when they have not engaged
into the mitotic spindle (Skoufias et al., 2001). A conse-
quence of the failure of chromosomes to associate with
microtubules during mitosis should thus be the contin-
ued presence of Mad2 on kinetochores. To assay for
this possibility, HeLa cells selected to express GFP-
Mad2 were transfected with siRNA1 to suppress TD-60
translation. Cells were then blocked with nocodazole
and released 0.5 or 1 hr to allow kinetochore association
with microtubules in control cells (Figure 5B) (Andreas-
sen and Margolis, 1994).
Cells positive for TD-60 were largely negative for Mad2
during drug-released prometaphase, indicating micro-
tubule association with the kinetochores. In contrast,
cells that were negative for TD-60 were largely positive
for Mad2 on kinetochores, and the extent of Mad2 asso-
ciation with kinetochores did not visibly vary with time
of nocodazole release (Figure 6A, images). The results
were consistent with a TD-60 requirement for the associ-
ation of kinetochores with spindle microtubules during
prometaphase. To quantitate the correlation between
TD-60 absence and Mad2 presence on kinetochores,
HeLa cells, transfected with siRNA1, were released from
nocodazole arrest for 1 hr and scored for the presence
or absence of Mad2 on kinetochores as a function of
the presence of TD-60. As shown in the bar graph (Figure
6A), kinetochores were Mad2 positive in virtually all TD-
60-negative cells, while the majority of TD-60-positive
cells were Mad2 negative.
Figure 7. TD-60 Binds the Nucleotide-free Rac1 Previous work has demonstrated that several passen-
ger proteins are interdependent for recruitment to the(A) In vitro-translated TD-60 (TNT) was subjected to autoradio-
graphic analysis in GST pull-down assays of glutathione beads inner centromere (for review, see Adams et al., 2001a).
loaded with relevant GTPases. In these assays, the nucleotide-free We therefore tested for the effect of suppression of TD-
form of Rac1 bound to TD-60, yielding a strong signal, whereas 60 on the presence of other passenger proteins, survivin
both GDP- and GTPS-loaded Rac1 did not bind. In the same assay,
and Aurora B, at inner centromeres in mitosis. HeLaGST fusions of Rab6A, Ran, RhoA, and cdc42 were negative for TD-
cells were transfected with siRNA1 and blocked in mito-60 pull-down when compared to controls in the presence of GST
sis with nocodazole. Those mitotic cells that containedalone (right).
(B) Bar graph showing quantification, in arbitrary units (A.U.), of the JH antigen were also positive for survivin and Aurora B
Phosphoimager scans obtained from the autoradiographs shown in at inner centromeres, while cells in which JH antigen
(A). Arrowhead shows the level of the nonspecific TD-60 binding on was suppressed also showed loss of survivin and Aurora
GST alone.
B (Figure 6B). The presence of TD-60 is therefore critical
for the recruitment of other passenger proteins to inner
centromeres in mitosis.few in number, small, and not associated with chromo-
somes in JH-negative cells (Figure 5B).
Coupled with the observed failure of JH antigen-nega- TD-60 Is a Potential Exchange Factor
for the Small GTPase Rac1tive cells to progress to metaphase, these results sug-
gested that TD-60 is critical to the integration of kineto- TD-60 is highly related to the guanine exchange factor
(GEF) for the Ras-like small GTPase Ran. We have thuschores into the mitotic spindle, and additionally may
be required for overall spindle assembly. We therefore screened a panel of GTPases for putative binding to
TD-60 in a yeast two-hybrid assay using histidine auxot-tested for the possibility that TD-60 can associate with
microtubules in vitro. In an in vitro microtubule binding rophy and -galactosidase activity as readout (Ja-
noueix-Lerosey et al., 1995). Dominant-negative, domi-assay, full-length TD-60 isolated from human chromo-
somes pelleted in the presence, but not in the absence, nant-active, or wild-type forms of Ran, Rab6A, Rab6A,
RhoA, cdc42, and Rac1 have been tested. Among them,of microtubules (Figure 5C). Interestingly, only full-
lengthTD-60 pelleted in the presence of microtubules, the dominant-negative form of Rac1 (T17N), and to a
lesser extent the dominant-negative forms of Rab6Awhile its fragments did not. This suggests that the cor-
rect folding of TD-60 may be important to its association (T27N) and cdc42 (T17N), grew on histidine, while all
three forms of Ran and RhoA were unable to grow (datawith microtubules, and that association is thus possibly
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not shown). We then tested the ability of in vitro-trans- spindle and satisfaction of the spindle assembly check-
lated TD-60 to bind these GTPases in pull-down assays point.
in the presence of GDP, GTPS, or in the absence of The fact that TD-60 is required for proper integration
nucleotide (Figure 7). As expected from the two-hybrid of kinetochores into the mitotic spindle suggests a role
screen, Ran and RhoA are unable to bind TD-60 in all for TD-60 in microtubule association with the kineto-
conditions tested (Figure 7A). TD-60 is pulled down nei- chores in early mitosis. It is interesting in this light that
ther by Rab6A nor by cdc42 regardless of their nucleo- we have found that TD-60 can associate with microtu-
tide state, despite their weakly positive growth in two- bules in vitro. The association is probably direct, as the
hybrid tests. In contrast, TD-60 is effectively pulled down in vitro-translated protein retains microtubule binding
by Rac1, and the pull-down is ten times more efficient behavior. Direct microtubule binding has also been re-
in the absence of added nucleotide than in the presence ported for INCENP (Wheatley et al., 2001b), another pas-
of nonhydrolyzable GTP or in the presence of GDP (Fig- senger protein. Interestingly, both TD-60 and INCENP
ure 7B). This result is consistent with the expected be- associate with the mitotic spindle only during anaphase,
havior of a guanine exchange factor, which stabilizes suggesting microtubule association is tightly controlled.
the nucleotide-free form of the target GTPase (Vetter It remains to be determined whether the microtubule
and Wittinghofer, 2001). Unfortunately, inability to pro- association of TD-60 is essential to its function in the
duce active recombinant TD-60 prevented a direct test cell.
of its GEF activity on Rac1. The role of TD-60 in cell cleavage has been obscured
by the strong epistatic effect of its suppression on pro-
Discussion gression to metaphase. However, loss of TD-60 causes
survivin and Aurora B to disperse from inner centro-
The Passenger Protein TD-60 Is an RCC1 Protein meres of mitotic cells, and as survivin and Aurora B have
We have purified and sequenced the human passenger been shown to be essential for cell cleavage (Terada et
protein TD-60 and have demonstrated that it is a mem- al., 1998; Uren et al., 2000), it is likely that TD-60 is
ber of the RCC1 family, with a strong conservation of required for the cell cleavage mechanism. Further sup-
RCC1 motif repeats. Alignment of its sequence with port for a role of TD-60 in cleavage comes from our
RCC1 reveals it is also likely to fold as a seven propeller previous demonstration of a strong correlation between
protein, with proper alignment of its hinge, external  TD-60 localization to the cell cortex and actin recruit-
strand, and RCC1-2 motifs superimposable on the struc- ment for cleavage induction (Martineau et al., 1995).
ture of RCC1. The protein that we have cloned is identi-
cal with the JH antigen by several criteria. First, in West-
ern blots of chromosome extracts, an antibody raised The RCC1 Family and Mitotic Regulation
against the sequenced protein recognizes the same pat- The effect of TD-60 on mitotic spindle function is of
tern of proteolytic fragments of TD-60 as the human interest in light of its identity as a member of the RCC1
autoimmune antiserum JH, which was originally used family. RCC1 is a GEF for Ran-GTPase (Bischoff and
for identification of the antigen. Second, immunoprecipi-
Ponstingl, 1991). The strongest evidence of a function
tation and cross-blot analysis shows that the rabbit anti-
for RCC1 in spindle formation comes from work on spin-
body pulls down the JH antigen. Third, a polyclonal
dle reconstruction in Xenopus oocyte mitotic extracts.
antibody raised against TD-60 sequence shows the typi-
Following the depletion of RCC1 or introduction of mu-cal passenger protein staining pattern in mitosis. Fourth,
tant Ran (Carazo-Salas et al., 1999; Kalab et al., 1999;two independent siRNA sequences both suppress the
Ohba et al., 1999; Wilde and Zheng, 1999), a bipolarJH antigen signal at inner centromeres of transfected
spindle does not form and chromosomes do not becomecells.
engaged in the astral microtubules. In contrast, suppres-Significantly, by suppressing TD-60 with siRNA trans-
sion of RCC1 in mutant cell lines has shown that lossfection, we have also demonstrated that TD-60 is re-
of RCC1 function does not affect the formation of aquired for cell cycle progression from prometaphase
bipolar spindle in mammalian cells (Nishitani et al.,to metaphase. TD-60 is unique among the passenger
1991).proteins in that its suppression activates the spindle
TD-60 binds the small G protein Rac1 and is uniqueassembly checkpoint and prevents progression to meta-
among the RCC1 family in this respect, although therephase, leading to indefinite mitotic arrest. These results
is precedence for a RCC1 protein binding to smallsuggest an important role for TD-60 in kinetochore inte-
G-proteins other than Ran, as the RCC1 domain proteingration into the mitotic spindle. Our results can be com-
p619 stimulates GTP exchange on ARF1 and Rab pro-pared with the severe phenotype reported following
teins (Rosa et al., 1996). Further, it is likely that TD-60 isoverexpression of Aurora B dead kinase in mammalian
an exchange factor for Rac1, as it has the characteristiccells (Murata-Hori et al., 2002). In that case, chromo-
signature of a GEF, binding preferentially to the un-somes failed to align on a metaphase plate, but the
loaded form of the GTPase (Vetter and Wittinghofer,spindle assembly checkpoint was suppressed and cells
2001).were not inhibited from exiting mitosis. On the whole,
It is noteworthy that Rac1 mutants have been reportedthe other passenger proteins, Aurora B, INCENP, and
to arrest mammalian cells in G2/M (Moore et al., 1997),survivin, have been demonstrated to play a role in proper
and it will be of great interest to determine if this effectchromosome alignment, segregation during anaphase,
occurs in prometaphase, with TD-60 involvement. Rac1and in cell cleavage. In contrast, TD-60 is uniquely re-
quired for integration of kinetochores into the mitotic is key to activation of p65PAK, which in turn regulates
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stathmin activity (Daub et al., 2001). As stathmin regu- now be of substantial interest to establish whether TD-
60 forms a complex with these other passenger proteins.lates microtubule dynamics in the mitotic spindle (Bel-
mont and Mitchison, 1996), TD-60 may be directly in- However, the role of TD-60 in prometaphase progres-
sion suggests a function that is at least partially indepen-volved in this pathway of microtubule regulation at
prometaphase. We note with interest, in light of the pos- dent of the other passenger proteins.
sibility that TD-60 may thus act globally on microtubule
dynamics, that cells in which siRNA has suppressed Experimental Procedures
TD-60 exhibit generally smaller spindles than controls
Cell Culture(Figure 5).
Manca (human leukemia) cells were maintained in suspension inRac1 has been also recently reported to participate
RPMI 1640 medium (Roswell Park Memorial Institute, GIBCO) con-in CLIP170-dependent microtubule plus-end capture taining 5% bovine serum (Hyclone). HeLa and GFP-Mad2 cells were
through IQGAP1, a GTPase-activating protein for Rac1 grown in DMEM (Dulbecco’s modified Essential medium; GIBCO)
and cdc42 (Fukata et al., 2002). CLIP170 is also known containing 10% Fetal Calf Serum (Biological Industries). When spec-
ified, cells were treated with 0.04 g/ml nocodazole for 16 hr, andto participate in kinetochore function in prometaphase
released as mentioned in figure legends, in drug-free medium.(Dujardin et al., 1998), raising the intriguing possibility
To derive HeLa cells constitutively expressing GFP-Mad2, wethat TD60 may act as a GEF for Rac1 in the prometa-
subcloned human Mad2 cDNA, a generous gift from Dr. Benezraphase to metaphase transition. (Sloan-Kettering, NY), into pEGFP-C2 (Clontech). HeLa cells were
Further, there is suggestive evidence that Rac1 may transfected using Lipofectamine 2000 (InVitrogen) and selected after
have a role in cytokinesis. MgcRacGAP/Cyk4 (Toure et 48 hr with G418 (GIBCO). Cells positive for nuclear envelope signal
were selected (Campbell et al., 2001) and further screened using asal., 1998) localizes to the mitotic spindle and the mid-
a final criterion the kinetochore labeling of cells arrested in mitosisbody during mitosis, and both dominant mutants and
with nocodazole.siRNA depletion cause cleavage failure (Hirose et al.,
2001). While it has been suggested that MgcRacGAP/
Chromosome Extraction of TD-60Cyk4 acts on RhoA during cytokinesis, Rac1 is a far
The protocol used for the mitotic chromosome isolation is a modifi-better substrate for MgcRacGAP/Cyk4 than is RhoA
cation of the procedure of Gasser and Laemmli (Gasser and Laem-
(Jantsch-Plunger et al., 2000; Toure et al., 1998). Further, mli, 1987). 3 liters of Manca cells (6  105 cells/ml), were blocked
the Rho dissociation inhibitor, GDI1, which is required in mitosis with 0.08g/ml nocodazole for 12 hr, harvested by centrif-
for cytokinesis in Dictyostelium, was recently shown to ugation (10 min, 750 g), rinsed in 100 ml of cold PBS, resuspended
in 44 ml of lysis buffer (buffer A: Tris 7.5 mM, pH 7.4, 1 mM EDTA,bind members of the Rac family (Rivero et al., 2002),
40 mM KCl, 0.1 mM spermine, 0.25 mM spermidine, 0.1%; plusand members of the Rac family have been shown essen-
thiodiglycol, 0.1% Triton X 100, 1 mM PMSF, 10 g/ml aprotinin,tial for cytokinesis in this species (Dumontier et al.,
10% glycerol) and lysed by Dounce homogenization. At the end of
2000). homogenization, the presence of intact interphase nuclei was veri-
fied by microscopy. The lysate (11 ml/tube) was layered onto glyc-
erol gradients (20 ml 25% glycerol and 5 ml 70% glycerol, in lysisTD-60’s Function as a Passenger Protein
buffer) and centrifuged 20 min at 4C, 1000  g. The pellet, con-Passenger proteins (Earnshaw and Bernat, 1991) play
taining purified chromosomes, was resuspended, washed, and cen-a key role in the proper completion of cytokinesis in
trifuged twice in lysis buffer (minus glycerol). For the first extraction
mammalian cells (Mackay et al., 1998; Martineau et al., step, each chromosome pellet was resuspended in 1 ml of extraction
1995; Terada et al., 1998). They are present on inner buffer (buffer A plus NaCl 150 mM, 1% deoxycholic acid, 1% NP40,
centromeres until the onset of anaphase. They then as- 1 mM PMSF, 2 g/ml aprotinin, 2 g/ml leupeptin), agitated 30
min at 4C, and centrifuged (10 min, 1000  g). The pellet wassociate with the mitotic spindle and relocate to the mid-
resuspended in 1 ml digestion buffer (Tris 10 mM, pH 8, 1 mM CaCl2,zone position of the mitotic spindle where they spread
10 mM MgCl2, Dnase I 2000 UA260/ml, 3000 UA260/ml micrococcallaterally from the spindle equator late in anaphase just
nuclease, 1 mM PMSF, 10 g/ml aprotinin, 10 g/ml leupeptin) and
prior to cleavage (Andreassen et al., 1991; Earnshaw agitated 1 hr at 37C. Finally, the chromosome preparation was
and Bernat, 1991), finally ending in the midbody that centrifuged 45 min at 4C, 17,000 g. TD-60 was in the supernatant
links the two daughter cells upon completion of cell fraction.
cleavage. Several members of the mammalian passenger
protein family have been identified, including INCENP Column Purification of TD-60
(Cooke et al., 1987), survivin (Skoufias et al., 2000; Uren The digestion supernatant, derived from several Manca cell purifica-
tion runs of 30 liters each, was loaded onto a S-HyperD 10 columnet al., 2000), Aurora B (Terada et al., 1998), and ORC6
(Biosepra) and eluted with a 20 ml linear gradient of 0–400 mM NaCl(Prasanth et al., 2002). The identity is known for all these
in 50 mM Tris (pH 8) buffer. Fractions were assayed for the presenceproteins. We have now added TD-60 to the list of pas-
of TD-60 by Western blot using JH antiserum, pooled, concentrated
senger proteins with known sequence. using a Centricon, and then run on 8% SDS-PAGE. Coomassie blue
Among the passenger proteins, the only one to date stained bands were recovered and a portion of each was used for
with an identifiable function in mitosis is Aurora B, a blotting or for in-gel digestion by trypsin.
protein kinase. TD-60 is likely to have a distinct function
as a GEF. An understanding of its detailed function in TD-60 Cloning, In Vitro Translation, and Microtubule Assay
TD-60 coding region was amplified by PCR with the Pfx Platinumcell cleavage will greatly help to elucidate the molecular
(InVitrogen) using oligonucleotides 5-CTCATCACTCCAACCAGCCdetail of the cleavage control mechanism.
GCGCATATGCCCAGGA-3 and 5-CGCGGATCCTCAGAGGGTTCGINCENP, survivin, and Aurora B form a complex in
GGGGTTGTATTC-3. The NdeI-BamHI fragment (1.5 kb) was thenvivo (Adams et al., 2000; Wheatley et al., 2001a). Since
filled in by Klenow and subcloned into EcoRV of HA-pCDNA3(	)
TD-60 shows an entirely coincident localization through- (InVitrogen). The resulting HA tag resides at the NH2-terminal region
out mitosis with INCENP, survivin, and Aurora B (Marti- of TD-60 protein.
This construct has been used as template for in vitro translationneau-Thuillier et al., 1998; Skoufias et al., 2000), it will
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using TNT with Transcend (Promega) or Translabel (Amersham) la- anti-survivin polyclonal antibody (Novus Biological, 1:500), anti-
MPM2 and AIM-1 (anti Aurora B) monoclonal antibodies (Transduc-beling systems, according to manufacturers’ specifications.
TD-60 purified from extract or from TNT was assayed for microtu- tion Laboratories, 1:100), and Rb1 (anti TD-60). Secondary antibod-
ies, including FITC-conjugated affinity-purified goat anti-human IgG,bule affinity as described elsewhere (Mollinari et al., 2002). After
ultracentrifugation, pellet and supernatant fractions were loaded on Alexafluor-568-conjugated goat anti-rabbit IgG (Molecular Probes)
and Cyanin3-conjugated goat anti-mouse IgG (Pierce) were used at10% SDS-PAGE, blotted, stained using Ponceau, and then probed
with JH antiserum. Tubulin obtained from bovine brain by standard 2.5 g/ml.
purification protocols (Farrell et al., 1987) was the kind gift of Dr. L.
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